A series of blue-luminescent Ir(III) complexes with a pendant binding site for lanthanide(III) ions has been synthesized and used to prepare Ir(III)/Ln(III) dyads (Ln = Eu, Tb, Gd). Photophysical studies were used to establish mechanisms of Ir→Ln (Ln = Tb, Eu) energy-transfer. In the Ir/Gd dyads, where direct Ir→Gd energy-transfer is not possible, significant quenching of Ir-based luminescence nonetheless occurred; this can be ascribed to photoinduced electron-transfer from the photo-excited Ir unit (*Ir, 3 MLCT/ 3 LC excited state) to the pendant pyrazolyl-pyridine site which becomes a good electron-acceptor when coordinated to an electropositive Gd(III) centre. This electron transfer quenches the Ir-based luminescence, leading to formation of a charge-separated {Ir
Introduction
The use of transition-metal chromophores as energy-donors to lanthanide(III) ions [hereafter denoted Ln(III)] in d/f dyads has attracted much attention, 1 from us 2 and many other groups. 3 The recent interest in this field was stimulated in the year 2000 when van Veggel and co-workers demonstrated the use of ferrocene and [Ru(bipy) 3 ] 2+ units as sensitisers of Nd(III) and Yb(III), 4 and Parker and co-workers prepared a metalloporphyrin/lanthanide dyads in which the metalloporphyrin unit harvested visible light and used the resultant excited state to sensitise Nd(III) and Yb(III). 5 The availability of very many d-block chromophores which absorb light strongly, and which have long-lived and well-characterised excited states that act as effective energy-donors to Ln(III) ions, has stimulated the development of many types of d/f dyad in which d→f energy-transfer may be exploited for applications from generating whitelight emission for display devices, to dual emission for cell imaging. [1] [2] [3] A particular focus of our recent research has been examining the mechanisms by which d→f energy-transfer can occur.
1a,2e,f,h, 6 We have shown that Förster energy-transfer is not usually feasible because of the very low donor/acceptor overlap integral arising from the low extinction coefficients of f-f absorptions: thus Förster energy-transfer, for many d/f combinations, must be limited to only very short distances that are much smaller than those found in dinuclear complexes. In contrast d→f energy-transfer can occur over surprisingly long distances by a Dexter-type mechanism involving electronic coupling via the bridging ligand. 2e,h In addition we have identified examples of an electron-transfer mechanism in which an initial charge-separated state, generated by photoinduced electron transfer (PET) from the d-block unit to an electron-deficient ligand coordinated to the Ln(III) ion, provides the energy to sensitise the Ln(III) ions. 2f, 6 Most recently we have shown that d→f energy-transfer can be facilitated by a naphthyl group which is spatially and energetically intermediate between the d-block and f-block units, such that its triplet state accepts the energy from the excited d-block chromophore and then sensitises the Ln(III) ion in a separate step. In this paper we report a study of d→f energy-transfer in a series of Ir(III)/Ln(III) dyads (Ln = Eu, Tb, Gd) in which (i) the energy separation between the d-block and f-block lowest excited states is varied by changing the nature of the lanthanide ion; (ii) additional fine-tuning of the energy of the Ir-based excited state is accomplished by using different ligand sets around the metal ion; and (iii) metal-metal separations are varied according to the structure of the bridging ligand connecting the d-and f-block centres. Given that a correct balance between d-block and Ln(III) emission components in dinuclear complexes is key to some of the potential applications described above, understanding the factors affecting energy-transfer in dyads of this type is important. In particular we demonstrate that (i) some of the higher-energy Ir(III) energy-donors are just capable of sensitisation of Tb(III) [following our recent communication reporting the first examples of sensitisation of Tb(III) luminescence by d-block chromophores], 2g to an extent depending on the gradient for energytransfer; and (ii) Ir→Eu and Ir→Tb energy-transfer occurs partly via an initial PET step rather than the more conventional direct Förster or Dexter energy-transfer processes.
Results and discussion (i) Syntheses of Ir(III) complexes; crystal structures
All of the d/f complexes are based on a mononuclear Ir(III) complex (ligands shown in Schemes 1 and 2) which is strongly luminescent by virtue of the two phenylpyridine ligands and the additional N,N′-donor or N,O-donor bidentate chelate. 7 These all bear a pendant diimine-type ( pyridyl-pyrazole or pyridyl-triazole) chelating site at which a {Ln(hfac) 3 } unit can bind in a non-competitive solvent such as CH 2 Cl 2 . This allows formation of Ir(III)/Ln(III) dyads simply by addition of the relevant [Ln(hfac) 3 (H 2 O) 2 ] species to the mononuclear Ir(III) complex in CH 2 Cl 2 , at which point the equilibrium shown in Scheme 3 is established rapidly. The symmetric ditopic ligands L OMe (with a methoxyphenyl spacer between the two pyrazolyl-pyridine termini) 9 and L bz (with a benzophenone spacer) 10 were available from our earlier work. L but is likewise symmetrical, with a more flexible (CH 2 ) 4 spacer between the two pyrazolyl-pyridine termini, and was readily prepared by reaction of two equivalents of Table 1 for crystallographic parameters and Fig. 3 (based on L bz ). In all of these three cases the energy-transfer is incomplete, as shown by the partial quenching of the Ir-based emission between 450 and 600 nm, with the reduction in intensity being in the region 60-80%. The similarity of these to one another is possibly surprising given the differences in bridging ligand structure. Energy-transfer (by any mechanism) is highly distance dependent, and in these conformationally flexible molecules there will be a range of Ir⋯Eu separations in solution. In addition Dexter-type energy-transfer is facilitated by a 'conductive' bridging pathway involving aromatic components, that facilitates electron exchange. 2e, 16 Further, we have shown that in some cases aromatic spacers based on naphthyl groups can act as energetic intermediates which facilitate energy-transfer by a twostep Ir→spacer and then spacer→Eu process. 2j With so many possible factors involved, the relationship between Ir→Eu energy-transfer rate and bridging ligand structure is complex, but it is interesting that the completely saturated (CH 2 ) 4 spacer of L but affords comparable extents of Ir→Eu energy-transfer to the other two ligands which contain aromatic spacers. In all cases the partial quenching of Ir-based emission intensity is accompanied by a reduction in luminescence lifetime. Time-resolved measurements show multi-exponential decay kinetics for the residual Ir-based emission in the dyads (Table 4) . Typically the emission decay curve could be fitted to three components with quite different lifetimes: a relatively long-lived one (∼500 ns) which is not very different from that of the free Ir complex and may arise from traces of the free Ir complex according to Scheme 3; and two shorter-lived components, one of ∼200-300 ns and one of ∼50 ns. Given the uncertainties associated with fitting a decay curve to a threecomponent model these numbers should not be over-analysed. However the presence of (at least) two shorter-lived lifetime components in each case implies the presence of two or more energy-transfer rate constants, due to a combination of (i) differing conformers in solution with different Ir⋯Eu separations, and possibly also (ii) the presence of different Ir→Eu energy-transfer mechanisms operating in parallel (see later). We emphasise that complex decay kinetics in dyads like this is a normal consequence of their flexibility which leads to a range of Ir⋯Eu separations. With the shorter, fully conjugated bridging ligand pathway in Ir·L pytz ·Eu, Ir→Eu energy-transfer is essentially (>95%) complete (Fig. 4) . In the later stages of the titration Ir·L pytz ·Eu starts to precipitate and the spectra obtained after that point (showing uniform loss of both Ir-based and Eu-based luminescence intensity) are not included in Fig. 4 . However timeresolved measurements of residual Ir-based emission during the titration show no significant changes compared to free (from eqn (1), taking τ q = 13 ns and τ u = 100 ns).
We note that in all of these cases the balance between blue (Ir) and red (Eu) emission components at some point during the titration results in white light. This is shown in Fig. 5 for Ir·L pytz ·Eu whose CIE coordinates at the point shown are (0.29, 0.33). This phenomenon was first demonstrated by De Cola and co-workers in a single molecule in which the Ir→Eu energy-transfer rate was such that the blue and red components ended up being perfectly balanced for this purpose. in equilibrium so this white emission is actually from a mixture of two compounds (emission spectrum also shown in Fig. 5 ): but it does illustrate the excellent complementarity between these two individual emission spectra which can be balanced to give white light emission. Time-resolved measurements on a representative example of sensitised Eu(III)-based emission are reported and discussed later.
(iv) Formation of Ir/Tb dyads and their photophysical properties 
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This journal is © The Royal Society of Chemistry 2014 ). The intensity of the sensitised Tb-based emission remains low (as expected) because of thermally-activated back energy-transfer to the Ir-based excited state, as before.
Finally in this section, Ir·L pic ·Tb was prepared and evaluated in the same way (Fig. 8) . The Ir-based emission intensity was reduced by ca. 90%, similar to the behaviour of Ir·L pic ·Eu, and again this is accompanied by appearance of a dominant short-lived (ca. 18 ns) component in the residual Ir-based decay. Unexpectedly the Ir-based emission does not just decrease smoothly in intensity as Ir·L pic ·Tb forms but also undergoes a red-shift with loss of fine structure; the residual Ir-based emission is now a broad, featureless signal centred at ca. 570 nm. Importantly however, in this case there is no significant Tb-based sensitised emission: the usual Tb-based emission lines are barely detectable at the end of the titration (see asterisk in Fig. 8 The obvious question is why the presence of the {Gd(hfac) 3 } unit causes any quenching of the Ir-based emission at all, even across a fully saturated spacer, given the impossibility of Ir→Gd energy-transfer. The only plausible mechanism that we can suggest is one that we described earlier in an anthracene-[(N^N)Gd(hfac) 3 ] dyad, where 'N^N' denotes a chelating benzimidazolyl-pyridine unit pendant from an anthracene group. In this case, binding of the {Gd(hfac) 3 } unit resulted in complete quenching of the anthracene-based fluorescence by an unexpected electron-transfer mechanism. 6 Photo-excited anthracene is a good electron-donor, and coordination of an electropositive Gd 3+ ion to the diimine 'NN' unit makes a ligand-centred reduction to the radical anion possible (cf. the well-known ligand-centred reductions at modest potentials in complexes of 2,2′-bipyridine-type ligands). 
This journal is © The Royal Society of Chemistry 2014 (vi) Conclusions from luminescence measurements, and support from electrochemical measurements
The general pattern of the data described above is clear. In all cases the coordination of a {Gd(hfac) 3 } fragment to the pendant pyrazolyl-pyridine binding site of the Ir complex results in quenching of the Ir-based luminescence by (we suggest) PET to the pyrazolyl-pyridine unit which has become electron-deficient when coordinated to an electropositive metal ion. There is ample precedent for this elsewhere, 6, 18, 19 and it is consistent with the known excited-state electrondonor properties of these phenylpyridine/Ir(III) complexes. Table 4 ) which we can ascribe to the presence of an additional direct energy-transfer pathwaymost likely by the Dexter mechanism, on the basis of our earlier work 2e,h -which is now possible given the presence of suitable acceptor levels on the lanthanide ions. From the timeresolved data in Table 4 Supporting evidence for the presence of a photoinduced electron-transfer contribution to quenching of Ir-based luminescence in the dyads comes from electrochemical measurements. It is notable from the data in Table 4 -which is a better excited state electron donor but a poorer energy donor than the others -undergoes greater quenching of the Ir-based emission when the dyad Ir·L pic ·Gd forms, confirms the occurrence of a PET-based process in these complexes which operates in parallel with direct energy-transfer in the Ir/Eu and Ir/Tb dyads. Table 3 is limited to the lifetimes shorter than ca. 50 microseconds. These data are summarised in Table 5 .
The TA spectrum of Ir·L OMe on its own (following 355 nm excitation with a 7 ns pulse) is typical of that class of complexes, 2h,j with an increase in absorbance compared to the ground state in the 360-440 nm and 590-700 nm regions, and a strong negative feature between 450 and 600 nm arising from intense stimulated emission from the Ir centre and bleach of the ground state absorbance (Fig. 10) . The excited state lifetime as measured from the decay of the TA spectrum closely matched what was observed from luminescence measurements, with an Ir-based excited-state lifetime of 0.8 µs (cf. 820 ns from luminescence measurements, Table 3 ). In the presence of 5 equivalents of [Gd(hfac) 3 (H 2 O) 2 ] to form Ir·L OMe ·Gd in situ, the Ir-based excited-state lifetime decreased to 0.4 µs (cf. luminescence decay components 340 ns and 80 ns, Table 3 ). This is consistent with the occurrence of partial quenching of the Ir-based excited state in the Ir/Gd dyad via the PET pathway as described above. Importantly however, the TA spectrum of Ir·L OMe ·Gd appeared essentially superimposable on that of Ir·L OMe ; we could detect no additional features in the TA spectrum of Ir·L OMe ·Gd that might be ascribed to a charge-separ-
•− species. This implies that a Given the higher signal to noise on TA spectra compared to luminescence, and slight variations in lifetime measured from decay of the TA spectra at different wavelengths, these lifetimes are quoted to one significant figure. They are taken from the decay of the most intense part of the TA spectrum at 420 nm (see kinetic traces inset in Fig. 10 ). Table 5 were derived. the back-ET process to regenerate the ground state is fast compared to the time resolution of our TA facility (≈20 ns).
Examination of Ir·L OMe ·Eu and Ir·L OMe ·Tb in the same way (Fig. 10b) showed that the TA spectrum of the Ir-based excited state decayed with an average lifetime of τ ≈ 0.3 µs in each case, consistent with luminescence decay lifetimes measured independently with higher precision using a lifetime spectrometer with a 100 ps pulsed laser source (Ir·L OMe ·Eu, 270 ns and 60 ns; Ir·L OMe ·Tb, 250 ns and 50 ns; see Table 4 ). We can see in both cases the additional quenching in Ir·L OMe ·Eu and
Ir·L
OMe ·Tb compared to Ir·L OMe ·Gd, which is ascribable to the occurrence of Dexter-type Ir→Ln energy-transfer to Eu and Tb, which is in addition to the PET-based quenching that occurs in all of the Ir·L OMe ·Ln dyads.
Time-resolved luminescence measurements of the sensitised lanthanide-based emission in Ir·L OMe ·Eu and Ir·L OMe ·Tb provided further interesting insight. Luminescence of Ir·L OMe ·Eu at 620 nm -the wavelength of the most intense component of the Eu-based emission manifold -clearly showed three components which are temporally very different and could therefore be measured with confidence. The shortest-lived decay component with τ ≈ 0.3 µs is clearly just the long-wavelength tail of the residual Ir-based decay of Ir·L OMe ·Eu, which still has significant intensity at this wavelength. In addition we observed two Eu-based components: a grow-in of 2 µs followed by the usual slow decay (τ = 400 µs) (Fig. 11) . The slow decay of Eu-based emission is completely typical in this type of coordination environment and solvent. This is not the sole sensitisation pathway however: the fact that there must be faster sensitisation pathways is evident from the fact that the sensitised Eu-based emission is already intense -close to its maximum -within 1 µs (Fig. 11) . Thus the 2 µs grow-in of additional luminescence intensity starts from a high background level of Eu-based emission that is already present. This arises from the faster (tens/hundreds of ns) grow-in of Eu-based emission arising from PET-based sensitisation, which occurs on the same timescales as the Ir-based decay. The grow-in of this sensitised luminescence component at 620 nm these will be masked by the overlapping Ir-based decay at the same wavelength which must be synchronous. Thus we have a combination of PET-based sensitisation on a timescale of tens/hundreds of ns, as described earlier, to give an initially-generated short-lived {Ir 4+ } • -( pyrazolyl-pyridine)
•− species which leads to Eu-based emission following the back ET step (faster than 20 ns); and parallel Dexter energy-transfer to the (dark) 5 D 1 state which is followed by slow (≈2 µs) conversion to the emissive 5 D 0 state. From the intensity of the sensitised Eu-based emission at short times after excitation of the Ir unit (Fig. 11a) , it is clear that the PET-based mechanism dominates, with the parallel energy-transfer process to the 5 D 1 state providing a small amount of additional Eu-based emission intensity. This is consistent with the estimates of the timescales of the two parallel processes derived earlier.
Time-resolved measurement of sensitised Tb-based emission at 545 nm revealed two components. As expected residual Ir-based decay at this wavelength was present with τ ≈ 0.3 µs which matches the Ir-based excited-state lifetime observed from decay of the TA spectrum. In addition a slower decay component of 13 µs may be ascribed to the sensitised Tb-based emission (Fig. 11b) . The fact that this is so short (cf. 400 µs for Eu) is consistent with the occurrence of fast back energy-transfer to the Ir-based donor state because of the low gradient for Ir→Ln energy-transfer as described earlier.
Thus the relatively slow radiative decay of Tb(III) in this type of environment (typically milliseconds) is not competitive with thermally-activated back energy-transfer to the Ir centre which subsequently decays many orders of magnitude more quickly. This was apparent in the very low intensity of sensitised Tb-based emission in the Ir/Tb dyads ( Fig. 6 and 7 
Conclusions
In this study we have confirmed the co-existence of two parallel d→f energy-transfer mechanisms in Ir(III)/Ln(III) dyads (Ln = Eu, Tb). The main conclusions are as follows.
(i) The photoinduced electron-transfer pathway, whereby the Ir-based excited state acts as an electron-donor to a pendant pyrazolyl-pyridine ligand which becomes a good electron-acceptor when coordinated to a Ln(III) centre, is the dominant pathway in the systems studied. This is shown by the extent of quenching of the Ir-based excited state that occurs in Ir(III)/Gd(III) control experiments in which Gd(III) cannot act as a direct energy-acceptor. It is also confirmed by the fact that the excited state of Ir·L pic , which is a better electron donor but a poorer energy donor than the other Ir-based units studied, undergoes more complete quenching in the Ir/Ln dyads. The initially-generated {Ir 4+ } • -( pyrazolyl-pyridine)
•− charge-separated state, which subsequently collapses to give a Ln(III)-based excited state, appears however to be too short-lived (<20 ns) to detect by nanosecond transient absorption spectroscopy.
(ii) In addition to the PET pathway, a conventional Dextertype direct energy-transfer pathway operates in parallel in the Ir/Eu and Ir/Tb dyads. This is shown by two independent observations. Firstly, Eu(III) and Tb(III) induce more quenching of the Ir-based excited state than does Gd(III) alone, which can be ascribed to the direct energy-transfer pathway that is now also operative. Secondly, time-resolved measurements of the sensitised Eu-based luminescence show a slow grow in (arising from Dexter energy-transfer to the 5 D 1 state, followed by slow collapse to the emissive 5 D 0 state) which is superimposed on a high background of Eu-based emission intensity that is in place more quickly from the PET-based route. This is summarised in Fig. 12a .
(iii) This series of blue-luminescent Ir(III) complexes is sufficiently energetic to sensitise luminescence from Tb(III), although only just. Sensitised Tb(III)-based emission is weak and short-lived (τ = 13 µs in a representative case) because the small gradient for Ir→Tb energy-transfer (≤1800 cm −1 in every case) means that thermally-activated back energy-transfer from the Tb(III) 5 D 4 state to the much shorter-lived Ir-based excited state is the dominant non-radiative decay pathway (see Fig. 12b ). Because of this, a small decrease in the energy-transfer gradient from 1800 cm −1 to 1400 cm −1 results in sensitised Tb(III)-based luminescence disappearing almost completely. The highest-energy of the Ir-based sensitisers do have potential as antenna groups to sensitise Tb(III) luminescence in d/f complexes, but ideally they need to be further blue-shifted for this to be effective.
Experimental details

General details
Metal salts and all organic reagents were purchased from Alfa or Sigma-Aldrich and used as received. NMR spectra were recorded on Bruker DRX 500 MHz, Bruker AV-III 400 MHz or AV-I 250 MHz instruments. Electrospray mass spectra were recorded on a Micromass LCT instrument. UV/Vis absorption spectra were measured on a Varian Cary 50 spectrophotometer. Steady-state luminescence spectra were measured on a JobinYvon Fluoromax 4 fluorimeter, using 1 cm cuvettes with samples sufficiently dilute to have an optical density of no more than 0.1 at the excitation wavelength. Ir-based luminescence lifetimes were measured in air-equilibrated CH 2 Cl 2 by the time-correlated single-photon counting method, using an Edinburgh Instruments Mini-τ instrument with a 50 nm bandpass filter (425-475 nm) to select the main part of the Ir-based emission spectrum for analysis. Luminescence titrations were performed by stepwise addition of small portions of the appropriate Ln(hfac) 3 was heated to 50°C overnight in the dark and under N 2 . The reaction mixture was then allowed to cool to room temperature and most of the solvent was removed under reduced pressure. A saturated aqueous KPF 6 solution (20 cm 3 ) was added, and the resulting two-phase mixture was shaken vigorously and then separated; the organic phase was retained. The aqueous residue was further extracted with additional portions of CH 2 Cl 2 (3 × 30 cm 3 ). The combined organic fractions (containing the crude complex as its hexafluoro-phosphate salt) were dried over MgSO 4 , filtered, and the solvent was removed. The crude yellow product was purified by column chromatography on silica gel using MeCN and 1% aqueous KNO 3 . The product was collected as a yellow band which was evaporated to neardryness; the excess of KNO 3 was precipitated by the addition of dichloromethane and filtered off. Evaporation of the resultant solution to dryness afforded pure [Ir(F 2 ppy) 2 (L but )](NO 3 ).
The other complexes were prepared in an exactly similar way; characterisation data are summarised below. 
X-ray crystallography
Crystals were removed from the mother liquor, coated with oil, and transferred rapidly to a stream of cold N 2 on the diffractometer (Bruker APEX-2) to prevent any decomposition due to solvent loss. In all cases, after integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS) 26 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F 2 values for all reflections using the SHELX suite of programs. 27 Pertinent crystallographic data are collected in Table 1 , and coordination-sphere bond distances and angles are in Table 2 . None of the structure presented any significant difficulties. In all three cases weak restraints on displacement parameters of adjacent atoms (SIMU and DELU) were applied globally.
Nanosecond transient absorption spectroscopy
Nanosecond transient absorption measurements, 28,2j as well as measurements of lanthanide luminescence lifetimes on a long time-scale, were performed on a home-built setup. The samples were excited at 355 nm with third harmonic of a Q-switched Nd:YAG laser LS-2137U (LOTIS TII). The energy of excitation pulses at the sample was approx. 2.5 mJ, at 10 Hz repetition rate and 7 ns pulse width. A 150 W Xe arc lamp (Hamamatsu) was used as the probe light source. The probe light was detected through a SPEX MiniMate monochromator by a custom-built detector unit, based on a FEU-118 PMT. Detector current output was coupled into Tektronix TDS 3032B digital oscilloscope and subsequently transferred to a computer. The transient absorption data were corrected for the spontaneous emission from the samples. The same setup was used for the time-resolved emission measurements in the microsecond time domain, with the only difference being a blocked probe lamp. One centimeter path length quartz cells were used.
